ABSTRACT The germline stem cells (GSCs) of Drosophila melanogaster ovary provide an excellent model system to study the molecular mechanisms of stem cell self-renewal. To reveal novel factors required for Drosophila female GSC maintenance and/or division, we performed a loss-of-function screen in GSCs by using a collection of P-element-induced alleles of essential genes. Mutations in genes of various functional groups were identified to cause defects in GSC self-renewal. Here we report that a group of mutations affecting various ubiquitin-conjugating enzymes cause significant GSCs loss, including Plenty of SH3s (POSH), Ubiquitin-conjugating enzyme 10 (UbcD10), and pineapple eye (pie). Ubiquitin-mediated protein degradation plays a variety of roles in the regulation of many developmental processes, including mediating stem cell division through degradation of cell cycle regulators. We demonstrated that pie, sharing highly conserved RING domains with human E3 ubiquitin ligase G2E3 that are critical for early embryonic development, is specifically required for GSC maintenance, possibly through regulation of bone morphogenetic protein signaling pathway. Despite the previously reported role in imaginal disc cell survival, pie lossof-function induced GSC loss is not to the result of caspase-involved cell death. Further efforts are needed to elucidate the functions of ubiquitin ligases in GSC maintenance, which will ultimately contribute to a better understanding of how the ubiquitin-conjugating enzymes regulate stem cell biology in mammalian systems.
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The germline stem cells (GSCs) of the Drosophila ovary provide an excellent model system for studying the mechanisms of adult stem cell self-renewal (Lin 1997; Yamashita et al. 2005; Fuller and Spradling 2007) . Two to three GSCs, marked by spherical spectrosomes, locate at the apical tip of a Drosophila ovary germarium, in direct contact with the somatic niche composed of terminal filaments and cap cells ( Figure 1A ). In an asymmetrical division, the GSC divides along the anteroposterior axis to the niche, producing a GSC and a daughter cystblast to the posterior direction. After four incomplete divisions, the cystoblast becomes a cyst with 16 interconnected cells (Lin 2002 ).
Self-renewal of female GSCs is primarily regulated by bone morphogenetic protein (BMP) signaling from the niche, mediated by the ligands decapentaplegic (dpp) and glassbottomed boat (gbb) (Xie and Spradling 1998; Song et al. 2004) . Notch activity in the niche cells is shown to regulate this process (Ward et al. 2006) . The BMP signaling activates cytoplasmic Mad and Medea, the Drosophila Smads, in GSCs, which form complex and silence the transcription of bag-of-marble (bam) gene, the key differentiation factor that is normally turned off in GSCs (Chen and McKearin 2003a; Song et al. 2004) . In addition to the extrinsic regulatory signaling from the niche, GSC self-renewal is also mediated by intrinsic factors, which repress GSC differentiation. Pumilio (Pum)/Nanos (Nos) complex-mediated or microRNA-mediated translational repression is shown to be essential for GSC maintenance and division (Gilboa and Lehmann 2004; Hatfield et al. 2005; Szakmary et al. 2005; Shcherbata et al. 2007) .
To reveal novel factors required for GSC self-renewal, we performed a loss-of-function screen in GSCs, which yielded a group of mutations affecting various ubiquitin-conjugating enzymes, including plenty of SH3s (POSH), ubiquitin-conjugating enzyme 10 (UbcD10), and pineapple eye (pie). Ubiquitin-mediated posttranslational regulation plays a variety of roles in many developmental processes, including the maintenance of quiescence in stem cells (Onoyama and Nakayama 2008; Clague and Urbe 2010) . In the following studies, we will demonstrate a nonapoptotic role of pie, which was previously reported as a survival factor (Shi et al. 2003) , in GSC maintenance.
MATERIALS AND METHODS

Fly stocks and culture conditions
The following stocks and other deficiency alleles were obtained from {SUPor-P}crp KG08234 P{neoFRT}40A/CyO y+, yd2 w1118 P{ey-FLP.N} 2 P{GMR-lacZ.C(38.1)}TPN1; P{lacW}l(2)k14505 k14505 P{neoFRT} 40A/CyO y+, yd2 w1118 P{ey-FLP.N}2 P{GMR-lacZ.C(38.1)}TPN1; P{lacW}Df31 k05815 P{neoFRT}40A/CyO y+, yd2 w1118 P{ey-FLP.N} 2 P{GMR-lacZ.C(38.1)}TPN1; P{lacW}snRNA:U6atac:29B k01105 P {neoFRT}40A/CyO y+.
The following stocks are obtained from Bloomington Drosophila Stock Center at Indiana University: w; FRT40ApieE1-16/SM5-TM6, y+, hsFLP;Ubi-GFP FRT40A/CyO, hsFLP;arm-LacZ FRT40A/CyO w; FRT40A/CyO, hsFLP;FRT42BUbi-GFP/CyO, hsFlp;FRT42DUbi-GFP/ CyO, w; pin/cyo;Ly/TM6B. w;;bam-GFP was a generous gift from the McKearin lab. Flies were cultured at 25°on standard cornmeal2yeast2agar medium (protein-rich diet). For starvation assay, females of desired genotypes were fed with a protein-rich diet or in an empty vial containing a Kimwipe soaked in 10% light corn syrup (protein-poor diet) for 5 days at 25°before analysis.
n Immunofluorescence and microscopy Ovaries of desired genotypes were dissected in phosphate-buffered saline (PBS) and immediately fixed in PBS containing 4% paraformaldehyde and then stained as described (Shcherbata et al. 2004 ).
The following primary antibodies were used: mouse anti-adducin, mouse anti-Lamin C (Developmental Studies Hybridoma Bank, 1:20); rabbit anticleaved caspase 3 and rabbit anti-pMad (Cell Signaling Technology, 1:250 and 1:50); and rabbit anti-bgal 1:5000. Secondary fluorescence antibodies used include Alexa 488, 568, and 633 antimouse or antirabbit (1:250). Samples were mounted and analyzed on Leica SPE5 and Nikon N1 confocal laser-scanning microscopes.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
The In Situ Cell Death Detection Kit (Roche Applied Science) was used as an independent means of detecting apoptotic cells (Sgonc et al. 1994) . Ovaries were dissected in cold PBS, fixed in 4% paraformaldehyde, and processed according to manufacturer's protocol. Labeled ovaries were Figure 3 pie is cell-autonomously required for GSC maintenance. (A-I) Ovaries from hsFlp; Ubi-GFP FRT40A/FRT40A control (A2C), hsFlp; Ubi-GFP FRT40A/pie E1-16 FRT40A (D2F), and hsFlp; Ubi-GFP FRT40A/pie f05500 FRT40A (G2I) flies were collected at indicated days after the heat shock induction and labeled with Adducin (red, spectrosomes), Lamin C (red, cap cell nuclear envelope), and DAPI. Scale bar ¼ 20 mm. (A2C) Clonal GSCs, marked by the absence of GFP (white arrows), and nonclonal GSCs (yellow arrows) are present in control germaria at 5, 8, and 11 days after clonal induction. (D2I) Pie clonal homozygous mutant GSCs are present in anterior niche at 5 days after heat-shock (white dashed circle) but are missing at 8 and 11 days after heat shock treatment. pie mutant GSCs are capable of developing into cysts and egg chambers and this can be observed 8 and 11 days after heat shock (white arrows and blue circles). Yellow arrows indicate nonclonal GSCs. (J) This graph summarizes changes in % of clonal germaria over time in control, pie f05500 , and pie E1-16 flies after one experiment. (K) The percentages of mutant GSC loss per day (see Materials and Methods) are significantly greater for both pie f05500 and pie E1-16 alleles, compared to FRT40A control. ÃÃ P , 0.01, Student's t-test.
counterstained with DAPI, mounted, and analyzed with fluorescent microscope.
Generation of clones by FLP-mediated mitotic recombination Two-to four-day-old females or males of the following genotypes hsFLP;Ubi-GFP FRT40A/GFP FRT40A, hsFLP; Ubi-GFP FRT40A/ pie E1-16 FRT40A, hsFLP;Ubi-GFP FRT40A/PBac{WH}pie f05500 P{neoFRT}40A, hsFLP;Ubi-GFP FRT40A/GFP FRT40A;UASp-p35/ nosGAL4, hsFLP;Ubi-GFP FRT40A/PBac{WH}pie f05500 P{neoFRT} 40A;UASp-p35/nosGAL4, hsFLP; arm-LacZ FRT40A/ pie E1-16 FRT40A; bam-GFP/+ were heat shocked for 45 min in a 37°water bath for 2 consecutive days to induce mitotic recombination. Heat shocked flies were kept at 25°and transferred to fresh food with wet yeast paste every other day before dissection.
Maintenance analysis
The GSC loss per day was calculated by comparing % of germaria with clonal GSCs at two time points after the heat-shock induction: GSC loss per day ¼ (% of germaria with clonal GSCs at day 5 2 % of clonal germaria at day 11)/% of clonal germaria at day 5/6 days ). All results were subjected to Student's t-test.
Loss of function screen for genes that affect Drosophila germline GSC maintenance and division For primary screen, third instar larvae were heat shocked for 60 min in a 37°water bath for 2 consecutive days and dissected 14 days after the last heat shock. Ovaries were analyzed for the presence of clonal (GFP-negative) egg chambers. For secondary screen, 2-4 day old female adults were heat shocked for 45 min in 37°water bath for 2 consecutive days and dissected at 7 and 14 days after induction.
RESULTS
Genetic screen for key regulators in Drosophila female GSC maintenance To reveal novel factors required for Drosophila female GSC maintenance and division, we performed a loss-of-function screen by using 820 P-element induced mutant lines of essential genes (Drosophila Genetic Resource Center DGRC, Kyoto). Each P-element line recombined with FRT foci was crossed to corresponding FRT, Ubi-GFP line; then, homozygous clones were generated through heat shock flippase mediated mitotic recombination in young adult females (Materials and Methods, supporting information, Table S1 ). The primary screen yielded 43 positive lines on the basis of the phenotype that no or very few homozygous clones (GFP2) were recovered in the ovarioles 14 days after heat shock induction ( Figure 1C ), indicating a defect in GSC maintenance or division. In contrast, the negative control lines displayed homozygous clones all along the ovarioles, suggesting that GSCs are still properly producing progenies ( Figure 1B) . In the secondary screen, each candidate line was further examined by assessing the rate of mutant GSC clone loss between 7 and 14 days after clonal induction (see Materials and Methods). Ten lines of 43 candidate mutant lines from the primary screen were confirmed to result in rapid GSC loss after clone induction in the secondary screen (Figure 1, D2F ; Table 1 ). Functions of genes affected by these 10 lines fall into various categories spanning from posttranslational modification, epidermal growth factor receptor signaling pathway, to transcription factors, chromatin regulators, and mitochondria activity. A group of genes, including POSH, UbcD10, and pie, came to our interest. POSH and UbcD10, respectively, encode for Drosophila E3 and E2 ubiquitin ligase ( Figure 2B ) (Tsuda et al. 2005; Yatsenko et al. 2007) ; whereas pie, with predicted RING/PHD domains, shares highly conserved sequence with a human E3 ubiquitin ligase G2E3 (Shi et al. 2003; Brooks et al. 2008 ) The authors of a recent study have demonstrated that another ubiquitin-conjugating enzyme, Effete, maintains Drosophila GSCs through regulating cyclin A degradation (Chen et al. 2009 ). The finding of this group of ubiquitin ligase genes to be essential for GSC maintenance suggests a potentially conserved role of ubiquitin-mediated proteolysis in stem cell self-renewal and tissue homeostasis.
Pie is cell-autonomously required for Drosophila female GSC maintenance The Drosophila pineapple eye (pie) gene, located on the left arm of the 2nd chromosome, was previously identified to encode a novel 582-amino acid protein essential for imaginal disc cell survival (Figure 2A ) (Shi et al. 2003) . To further explore whether pie is cell-autonomously required for female GSC maintenance, we generated homozygous loss-of-function clones in young females by using two different alleles, a hypomorphic mutant pie E1-16 and a piggyBac transposase-induced mutant pie f05500 , and examined germaria at serial time points (5, 8, and 11 days) after heat shock induction (Materials and Methods). Compared with wild-type GSC clones, GSC clones mutant for either allele of pie were frequently recovered at day 5, but rapidly lost with time ( Figure 3 ; Table 2 ). Notably, although clonal GSCs are rarely seen after Day 8, we were still able to recover clonal differentiated cysts frequently (Figure 3 , E and H, blue dashed circles and white arrows). This evidence indicates that pie-mutant GSCs fail to self-renew, leave the niche, and enter differentiation.
Cell death is not responsible for pie mutant GSC maintenance defects Although the function was not fully understood, pie was originally reported to be required for cell survival; the ectopic expression of the n caspase inhibitor protein baculovirus p35 can partially rescue the rough eye phenotype (Shi et al. 2003) . To test the possibility that pie mutant phenotypes in GSC maintenance are the result of cell death, we examined the cell death marker, cleaved caspase 3 in clonal germaria. On the basis of previous evidence and our observation from TUNEL assay, germline cells in region 2 serve as a checkpoint for programmed cell death, which show an increase in apoptosis under nutrient-deprived condition (Figure 4 , A and B) (Drummond-Barbosa and Spradling 2001). Cleaved caspase 3 antibody specifically recognizes apoptotic cells and detects similar pattern with TUNEL in region 2 ( Figure 4C ) (Baum et al. 2007; Nezis et al. 2009 ). To our surprise, lack of pie function in GSCs did not result in apoptosis: we never observed activated caspase3 in either mutant or wild-type GSCs (Figure 4 , C and D; Table 3 ). To further test whether p35 overexpression could rescue pie GSC loss, we expressed UASp-p35 in the germline under nos-Gal4 driver, in the pie clonal background and examined the pie GSC maintenance at days 5, 8, and 11 after clonal induction. Expression of p35 in germline was able to inhibit caspase-dependent cell death in region 2, and the whole germarium, indicated by reduced occurrence of caspase 3+ cysts ( Figure 4F ). However, the occurrence and loss rates of pie f05500 ;nosGal4/UASp-p35 GSCs are respectively comparable with those without p35 expression ( Figure 4F ; Table 4 ), demonstrating that p35 expression does not rescue pie phenotype in this cell type. These data indicate that Pie loss-of-function induces GSC maintenance failure through other mechanisms than GSC cell death.
Pie is required for GSC maintenance through regulating BMP signaling Self-renewal of female GSCs is primarily regulated by BMP signaling from the niche. Somatic niche cells express the ligands dpp and gbb, activating cytoplasmic Mad and Medea, the Drosophila Smads, in GSCs, which form complex and silence the transcription of the bam gene, the key differentiation factor that is normally turned off (Chen and McKearin 2003a; Song et al. 2004) . Therefore, activation of this short-range BMP signal can be indicated by accumulation of BMP response gene products, phosphorylated Mad (pMad) and Daughters against dpp (Dad) primarily in the GSCs, and repressed expression of differentiation of the bam gene in GSCs (Song et al. 2004) . To determine whether pie mutant induced GSC loss is attributable to altered BMP signaling in GSCs, we analyzed the pMad level in clonal germaria 8 to 9 days after the induction, when most of the pie mutant GSCs are leaving the niche. We observed a significantly lower frequency of pMad expression in pie E1-16 GSCs compared with the neighboring wild-type GSCs or FRT40A control ones ( Figure 5A ", arrow; C). Because of the lack of reliable antibodies against bam, we used a bam-GFP enhancer-trap allele (Chen and McKearin 2003b) to examine bam expression in clonal germaria. Compared with the wildtype GSCs, in which bam expression is mostly turned off ( Figure 5B ", arrow; D), 25.9% pie mutant GSCs express bam 8 days after induction (
Figure 5B", arrow head; D), matching with the decline of pMad expression. This evidence conclusively suggests that pie regulates GSC maintenance through mediating with BMP signaling.
DISCUSSION
Drosophila GSCs and their niche provide a perfect model system to study adult stem cell behaviors, including essential factors and signaling pathways involved in stem cell maintenance, division, and differentiation. With this system and the powerful Drosophila genetics, we performed a loss-of-function screen and discovered a group of genes encoding various ubiquitin ligases in flies that are essential for GSC selfrenewal. We followed up with pie and found that pie is cell autonomously required for GSC maintenance. Despite the previous finding in imaginal disc and eye tissue that pie mutant leads to apoptosis-related cell death (Shi et al. 2003) , we provided evidence that pie loss-of-function induced GSC loss is not related to programmed cell death. Ubiquitin-mediated protein degradation plays a variety of roles in the regulation of many developmental processes, including mediating stem cell proliferation and stem cell division through degradation of cell cycle regulators (Rathinam 2011 ). An E2 ubiquitin-conjugating enzyme in Drosophila, Effete (Eff), has been reported to regulate GSC maintenance through targeting cyclin A for degradation (Chen et al. 2009 ). Evidence from mammalian system has demonstrated that Fbxw7, an F-box protein subunit of an SCF-type ubiquitin ligase complex, targets positive regulators of the cell cycle-including Cyclin E, c-Myc, Notch, and c-Jun, and maintains mouse hematopoietic stem cell quiescent to preserve their capacity for self-renewal (Onoyama and Nakayama 2008) . pie shares a highly similar sequence with the PHD/RING domains of human G2E3, an E3 ligase essential for mammalian early embryo development. Biochemical evidence has demonstrated that these PHD/RING domains are responsible for the catalytic function of G2E3 (Brooks et al. 2008) . Therefore, we speculate a novel role of pie as an ubiquitin ligase other than a cell survival factor in Drosophila GSC maintenance, in a tissue-specific manner. It is possible that, as a ubiquitin ligase, pie might regulate targets that in one cell type involve in self-renewing division, whereas in another cell type result in survival against apoptotic cell death.
The BMP pathway is the major signaling pathway regulating Drosophila GSC self-renewal as well as proliferation (Song et al. 2004; Li and Xie 2005) . Two BMP ligands, dpp and gbb, expressed in TF/cap cells, directly act on GSCs to control their self-renewal and division (Song et al. 2004) . Activation of this short-range BMP signal is proved by the accumulation of BMP response gene products, pMad and Dad primarily in the GSC, and repressed expression of differentiation gene bam in GSCs (Song et al. 2004 ). We observed reduced pMad level in n accord with premature expression of bam in pie mutant GSCs, suggesting a role of pie in the regulation of BMP signaling to maintain the stem cell identity. In contrast to Mad, Dad functions as an antagonist of Dpp, thus forming a negative-feedback loop of BMP signaling (Tsuneizumi et al. 1997) . A possible mechanism would be that pie serves as an E3 ubiquitin ligase in GSCs, which targets Dad protein for poly-ubiquitination and degradation by proteasome. Further evidence and exploration are needed to test the hypothesis.
